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Abstract Abrasive flow machining (AFM) is a non-
conventional finishing process that deburrs and polishes
by forcing an abrasive laden media across the workpiece
surface. The process embraces a wide range of applications
from critical aerospace and medical components to high-
production volumes of parts. One serious limitation of this
process is its low productivity in terms of rate of
improvement in surface roughness. Limited efforts have
hitherto been directed towards enhancing the productivity
of this process with regard to better quality of workpiece
surface. This paper discusses improved fixturing as a
technique for productivity enhancement in terms of surface
roughness (Ra). A rotating centrifugal-force-generating
(CFG) rod is used inside the cylindrical workpiece which
provides the centrifugal force to the abrasive particles
normal to the axis of workpiece. The effect of the key
parameters on the performance of process has been studied.
The results shows that for a given improvement in Ra value,
the processing time can be reduced by as much as 70–80%.
It is seen that the significant process parameters are
revolutions per minute of CFG rod, extrusion pressure and
abrasive mesh size.
Keywords AFM . CFAAFM . CFG . Rotational speeds .
Surface roughness . ANOVA
1 Introduction
Modern metal working industry has several challenges such
as to control costs, decrease lead time from design to
production, improvement of product quality, and machin-
ing/finishing of difficult to machine materials. The most
labour-intensive uncontrollable area in the manufacture of
precision parts involves final machining (or finishing)
operations. Finishing operations usually cost approximately
15% of the total machining cost in a production cycle [1,
2]. The marginal cost of surface finish increases sharply for
a roughness value of 1 μm. Abrasive flow machining
(AFM) is one of the processes capable of facing the
aforementioned challenges. In this process, a specially
formulated, pliable, plastic-like abrasive laden media is
forced to flow over edges and surfaces to be deburred,
polished or radiused. Machining action occurs whenever
the abrasive laden media (elastic/viscoelastic polymer) pass
through the restrictive passages. AFM uses two vertically
opposed cylinders that extrude abrasive media back and
forth through passages formed by the workpiece and
tooling. Combination of these up and down strokes
constitutes a process cycle. The process was developed
earlier to find a more effective method of deburring
hydraulic control blocks, which were initially being
deburred by hand. The media contain a large number of
random cutting edges with indefinite orientation and
geometry for effective removal of material with chip sizes
smaller than those obtained during machining using cutting
tools with defined edges. Because of extremely thin chips
produced in AFM, the process can produce better surface
finish and closer tolerances, and it can generate more
intricate surface features and machine harder and difficult-
to-machine materials [2]. The process has found many
applications in the fields of aerospace, automotive, elec-
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tronic, die making, surgical implants, etc. and is being
extensively used for removing recast layer from the
surfaces generated by electro-discharge machining. AFM
process can finish surfaces up to 0.05 μm, deburr holes as
small as 0.2 mm, radius edges from 0.025 to 1.5 mm and
hole tolerance up to ±5 μm can be held [3]. It can offer as
much as 90% time saving over hand finishing operations
[4]. In the first few cycles, the major part of the total
improvement in the surface finish occurs with a minimal
dimensional change (usually 0.013 to 0.025 mm). In
order to cater to the requirement of high accuracy and
high efficiency finishing of materials, AFM is gaining
importance day by day. The AFM process has a
limitation too with regard to achieving required surface
finish. It is the time to achieve the required surface finish
(cycle time). With the aim to overcome the difficulty of
longer cycle time, the present paper reports the findings
of a hybrid process which permits AFM to be carried out
with additional centrifugal force applied onto the cutting
media.
2 Literature survey
Extrusion pressure of media has been reported to signifi-
cantly affect the work surface roughness but was found to
fall just short of significance requirements with respect to
material removal [4, 5]. Przyklenk [6] claimed its effect
both on material removal and surface roughness as
significant. At higher pressure, the improvement in material
removal just tends to stabilise. The media flow rate has
been reported to be a less influential parameter in respect to
material removal [7]. The media viscosity and geometrical
shape of the workpiece also affect the flow pattern. A
number of studies [6, 8–12] have shown that abrasion is
pronounced in some initial cycles, after which both material
removal rate and improvement in surface roughness get
stabilised. It has also been observed that the greater the
reduction ratio, the more is the material removal from the
workpiece for a specified number of cycles. There exists
the possibility of using a large range of concentration of
abrasive particles in carrier media (two to 12 times the
Fig. 1 Schematic illustration of
the CFAAFM process setup: 1
Piston; 2 Abrasive laden media;
3 Sleeve; 4 Fixture; 5 Rotating
CFG rod; 6 Workpiece; 7 Ro-
tating attachment; 8 Bearing; 9
Idler gear; 10 Prime gear; 11
Sealing; 12 Media cylinder
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weight of carrier media) [15]. However, it has also been
suggested that abrasive grain to base material ratio (by
weight) should vary from 4:1 to 1:4, with 1:1 as the most
appropriate ratio [13]. A rheological investigation [14] of
polyborosiloxane media indicates that with increase in
viscosity of media, pressure drop across the passage and
processing time both increase, but the rate of temperature
rise decreases.
The concept of hybrid machining processes (HMP) is
currently gaining attention with the aim of achieving better
performance of the modern machining processes. The
underlying principle of hybrid machining processes is to
club the advantages and avoid or reduce the adverse effects
(if any) of the constituent processes [15]. An example of
HMP is the ultrasonic flow polishing, which is the
combination of AFM and ultrasonic machining [16].
Surface finish improvements of up to 10:1 have been
recorded by the process. Another hybrid machining process
is the orbital flow machining process, which utilises the
principle of orbital grinding and AFM [17]. Still another
example of HMP is the ultrasonic-assisted grinding for the
special application of machining the ceramics [18]. The
finishing of metals by magnetic abrasive machining
(MAM) has been studied by many researchers [19–23].
The characteristic feature of MAM is that it employs very
small machining pressure and is easily controllable with the
help of input current to the electromagnet. Magnetically
assisted abrasive flow machining, which is the combination
of AFM and magnetic abrasive finishing (MAF), has been
shown to give better results than obtained from individual
AFM or MAF [24]. Literature survey indicates that though
AFM has excellent characteristics as regards generation
of super finish on inaccessible areas of workpiece
surface, limited efforts have hitherto been directed
towards improving the process efficiency of AFM. There
appears to be a need for more research contribution to
develop modification of this process which will give
better quality surface economically. One such modifica-
tion has been attempted in the present investigation. This
involves increasing the pressure on the abrasive in the
media whilst it contacts the surface of workpiece during
processing. This has been achieved by providing a
centrifugal-force-generating (CFG) rod with rotational
mechanism in the AFM setup that helps the media to
simultaneously rotate at a speed whilst being axially
pushed. The rotation of the rod causes a centrifugal force
to act on the media, which in turn increases media
contact quality. Figure 1 shows the schematic of the setup
designed and fabricated. The modified process has been
termed as centrifugal-force-assisted abrasive flow machin-
ing (CFAAFM). This new process also helps to increase
the reduction ratio for a given workpiece geometry
compared to conventional AFM process.
3 Centrifugal-force-assisted abrasive flow machining
Figure 2 shows the modified fixture employed for the
CFAAFM process. The fixture is attached to the indige-
nously made AFM setup in Machine Tool Laboratory at
Indian Institute of Technology, Roorkee. It holds the
workpiece which is placed in between the media cylinders
to create an artificial dead zone and increase the pressure
required for extruding the media. The fixture is made in
three parts and the workpiece and rotating attachment are
placed in between the three parts. The media containing the
abrasive particles flows from one cylinder to the other
cylinder through the central hole in the workpiece. The
workpiece is surrounded by an attachment specially
designed to give necessary rotary motion to CFG rod.
Whilst the media flow through the workpiece cavity, the
rotation of the CFG rod causes a centrifugal force to act on
the abrasive particles so as to throw them on the internal
surface (normal to the axis) of the workpiece. In CFAAFM,
the media are thus subjected to the extrusion pressure as
well as to the additional centrifugal pressure. Media used
for the present investigation consist of a silicon-based polymer,
hydrocarbon gel and abrasive particles. The polymer was
prepared by a special technique for which a patent was granted.
The gel was prepared by reacting aluminium stearate with
hydrocarbon oil. The gel was then mixed into the polymer in a
suitable proportion by vigorous kneading. The mixture of the
polymer and gel was used as a carrier compound in the media.
In the present work, the abrasive particles called Brown Super
Emery (trade name) were used. It is one of the natural
abrasives, which is the impure form of corundum.
3.1 Experimentation
In the preliminary set of experiments, brass as workpiece
material was used. The test workpieces ϕ10×16-mm-long
cylindrical parts with central hole bored to 8.00±0.05-mm
Nylon Fixture
Rotating Attachment CFG Rod
Idler  
gearsSleeve
Fig. 2 Details of CFAAFM fixture and rotating attachment
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diameter as shown in Figs. 2 and 3 were prepared. The
internal cylindrical surface of the workpieces was finished-
machined by CFAAFM at different rotational speeds of CFG
rod. Each workpiece was machined for a predetermined
number of cycles. The workpiece was taken out from the setup
and cleaned with acetone before any measurement was taken.
Only those specimens whose initial surface roughness of
the hole was in a quite narrow range were selected for the
experiments so as to avoid any extrageneous effect on the
response parameters. Before and after processing a test
specimen, the surface roughness (Ra) was measured at 25
random locations all over the hole surface in the axial
direction on the internal cylindrical surface using a Mahr
perthometer. The average of Ra values was calculated and the
percentage improvement in roughness ΔRa was estimated as:
ΔRa ¼ initial roughness roughness after machiningð Þ  100initial roughness :
In the present study, L9 Taguchi orthogonal array is used
[26]. The surface roughness data were analysed to determine
the effect of the various design parameters. The experimental
results are then transformed into signal-to-noise (S/N) ratio.
Taguchi recommends the use of S/N ratio to measure the
quality characteristics deviating from the desired values.
Usually, there are three categories of quality characteristic in
the analysis of the S/N ratio, viz. the lower-the-better, the
higher-the-better and the nominal-the-better. The S/N ratio for
each set of experimentation is computed. Regardless of the
category of the quality characteristic, a greater S/N ratio
corresponds to better quality characteristics. Therefore, the
optimal level of the process parameters is the level with the
greatest S/N ratio. The quality characteristic for percentage
improvement in surface roughness is taken as of higher-the-
better type. The S/N ratio for the higher-the-better type of
response can be computed [25, 27] as:









where Yj, j=1,2,…n are the response values under the trial
conditions repeated R times.
Analysis of variance (ANOVA) has been performed to
identify the process parameters that are statistically signif-
icant. With the S/N and ANOVA analyses, the optimal
combination of the process parameters has been predicted.
The following parameters were selected to investigate their
effect on percentage improvement in surface roughness in
CFAAFM process: rotational speeds of CFG rod, extrusion
pressure and abrasive grits size. The following parameters
were selected constant during the entire experimentation:
polymer to gel ratio, 4:3; abrasive concentration, 1:3;
workpiece material, brass; number of cycle, 3; abrasive
type, Al2O3 and temperature, 32±2°C. The design param-
eters as well as their chosen levels considered for the
Taguchi experiment are listed in Table 1. The experiments
were conducted at each trial conditions as given in Table 2.
For each trial, experiments were replicated (three times).
The estimated percentage improvement in surface rough-



















16.00 ± 0.50 mm
Fig. 3 Test piece










Fig. 4 Deflection of abrasive particle in CFAAFM process















C Grit size (μm) 250 150 100
Polymer to gel ratio, 4:3; abrasive concentration, 1:3; workpiece
material, brass; number of cycle, 3; abrasive type, Al2O3; temperature,
32±2°C
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4 Abrasive particle attack in CFAAFM process
In AFM, the abrasive particles are flowing along with
the polymer-based media in the axial direction through the
workpiece passage. When CFG rod rotates inside the
hollow cylindrical workpiece, it throws the abrasive laden
media coming in its contact to move in a circular path. As a
result, centrifugal force acts on the abrasive particles. This
force forces the abrasive particle to move towards direction
normal to the axis of workpiece, as shown in Figs. 4.
Consider an abrasive particle of mass “m” enters the
workpiece passage. During its flow through the workpiece
passage, it is acted upon by the following two forces:
1. Fa: axial thrust produced by movement of piston in the
main cylinder;
2. Fc: centrifugal force due to circular motion caused by
rotation of CFG rod. This acts in direction normal to
the flow of media through the workpiece passage.
Fa causes the abrasive particle to move in axial direction
with velocity Va, whilst Fc tends to push it normal to the
workpiece axis (towards the inner surface of workpiece)
with velocity Vc.
Fc acting on an abrasive particle is given as:
Fc ¼ m w2 r ð2Þ
where ω is angular velocity of the abrasive particle
imparted to it due to CFG rod rotation, and r is the radius
of path in which the abrasive particle is rotating.
Under the influence of Fc, the axially flowing abrasive
particles in the media start moving towards the inner
surface of workpiece. In this condition, the viscous force
will be developed which is more predominant than the
inertia force acting on the abrasive particles. Thus, an
opposite frictional drag force (Fdrag) will act on the particles
as given by Stokes law [13]:
Fdrag ¼ 3 p m dp Vc ð3Þ
where μ is the viscosity of media and dp is the diameter of
abrasive particle.
Assume Fc to be constant over the small time step (dt),
where t denotes the elapsed time for abrasive particle flow
in the abrasive laden media. Vc can be found from the
following equation:
Fc  Fdrag ¼ m dVcdt




Fc3p m dp Vc ¼ 1m
R
dt
In Fc3p m dp Vcð Þ
3 p m dp ¼ tm þ k
ð4Þ
where k is constant of integration. Applying boundary
condition at t=0, Vc=0
) k ¼ InFc3 p m dp :
Hence,
In Fc3p m dp Vcð Þ
3 p m dp ¼ tm þ
InFc
3 p m dp
Fc  3p m dp Vc ¼ eΔC
ð5Þ
where ΔC ¼ 3 p m dp tm þ InFc3 p m dp
 
.
It is to be noted that the values of the mass of abrasive
particle m ¼ 2:6 107 kgð Þ and media viscosity (μ=
Table 2 Orthogonal array for L9 with responses (raw data and S/N ratios)
Trial no. Input parameters Responses (raw data) ΔRa S/N ratio (dB)
Rotational speed of CFG rod (rpm) Extrusion pressure (bar) Grit size (μm)
A B C R1 R2 R3
Trial conditions
1 0 20 250 1.38 1.19 1.58 0.88
2 0 27 150 1.89 1.97 1.73 3.61
3 0 34 100 2.46 2.41 2.12 5.53
4 35 20 150 4.35 4.04 4.83 11.05
5 35 27 100 5.96 5.99 5.57 13.55
6 35 34 250 5.09 5.46 4.59 12.23
7 70 20 100 8.59 8.76 8.86 17.06
8 70 27 250 8.29 8.12 8.31 16.56
9 70 34 150 9.39 9.22 9.45 17.66
Total 47.4 47.16 47.04 98.13
R1, R2 and R3 represent percentage improvement in surface roughness value for three repetitions of each trial. T is the grant average of
percentage improvement in surface roughness = 47:4þ 47:16þ 47:04ð Þ=27 ¼ 5:24. Polymer to gel ratio, 4:3; abrasive concentration, 1:3;
workpiece material, brass; number of cycle, 3; abrasive type, Al2O3
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414 Pa s) make the term ΔC considerably high. Therefore,
Eq. 5 can be written as:
Fc  3p m dp Vc ﬃ 0:
Hence
Vc ¼ Fc3 p m dp : ð6Þ
The value of Va can be estimated from extrusion pressure.
The resultant velocity, Vr, of abrasive particle due to Va and
Vc is given by:
Vr ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
V 2a þ V 2c
 q ð7Þ
and
qa ¼ tan1 VcVa
 
ð8Þ
where θa defines the direction of movement of the abrasive
particle with which it strikes the cavity surface (called angle
of attack). Figure 5 illustrates the model proposed for
depicting the path of an abrasive particle in the workpiece
passage under the influence of thrust and centrifugal force.
The mark ‘A’ represents the entry point of the abrasive
particle in the workpiece cavity. As the abrasive particle
travels through the workpiece passage, it is acted upon by
thrust and centrifugal forces, causing it to travel with velocity
Vr. The direction and magnitude of Vr change continuously as
the particle moves towards the cavity surface, to the position
‘B’ and then to ‘C’. At ‘B’, Va is smaller than what it was at
‘A’ due to the presence of boundary layer phenomenon, but
Vc will depend upon the angular rotational speed and the
radius of path of its rotation. The resultant velocity acting on
the particle at position ‘B’ causes it to move towards the
position ‘C’. This movement of the abrasive particle due to
varying resultant velocity ultimately makes it to strike at the
cavity surface. The angle of strike of the abrasive particle can
have important influence on the MR andΔRa, as it affects the
mechanism of material removal from the surface of cavity.
5 Results and discussions
The independent process parameters selected for this study
were rotational speed of CFG rod, extrusion pressure and
abrasive grit size used in the media, whilst other parameters
remained constant. The average value of S/N ratio (dB) of
percentage improvement in surface roughness and that of
raw data at levels L1, L2 and L3 for each parameter are
shown in Tables 3 and 4, respectively. The effect of the
individual parameters on average value of ΔRa as well as
on S/N ratio (dB) is shown in Fig. 5. From the trend of
response curves for ΔRa at different levels of the process
parameters, it can be observed that when rotational speed of
the CFG rod increases, ΔRa improves. The possible reason
for this result is that those abrasive particles flowing with
the media which would otherwise have gone without
touching the workpiece surface (case of AFM) change their
path of flow and strike the inner surface of workpiece at an
inclination when acted upon by a centrifugal force (due to
rotation of CFG rod in the CFAAFM). The greater the rota-
tional speed of rod, the higher is the pressure and the greater







Fig. 5 Simulating the path of abrasive particle in CFAAFM process. a
Effect of rotational speeds on raw data. b Effect of extrusion pressure
on raw data. c Effect of abrasive grits size on raw data. Figure 4
Response curves: polymer to gel ratio, 4:3; number of cycles, 3;
abrasive concentration, 1:3; workpiece material, brass; abrasive,
Al2O3
Table 3 Main effects (S/N data)
Process parameter Level Rotational speed of CFG rod (rpm) (A) Extrusion pressure (B) Grit size (C)
Average values (% Ra) L1 3.34 9.67 9.89
L2 12.28 11.24 10.77
L3 17.09 11.81 12.05
Main effects (% Ra) L2−L1 8.94 1.57 0.88
L3−L2 4.81 0.57 1.28
Difference {(L3−L2)−(L2−L1)} −4.13 −1.00 0.4
L1, L2 and L3 represent average values of S/N ratio at levels 1, 2 and 3, respectively, of parameters. L2−L1 is the average main effect when the
corresponding parameter changes from level 1 to level 2. L3−L2 is the average main effect when the corresponding parameter changes from level
2 to level 3
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Table 4 Main effects (raw data)
Process parameter Level Rotational speed of CFG rod (rpm) (A) Extrusion pressure (B) Grit size (C)
Average values (% Ra) L1 1.86 4.84 4.89
L2 5.10 5.31 5.21
L3 8.78 5.58 5.64
Main effects (% Ra) L2−L1 3.24 0.47 0.32
L3−L2 3.68 0.26 0.43
Difference {(L3−L2)−(L2−L1)} 0.44 −0.21 0.11
L1, L2 and L3 represent average values raw data at levels 1, 2 and 3, respectively, of parameters. L2−L1 is the average main effect when the
corresponding parameter changes from level 1 to level 2. L3−L2 is the average main effect when the corresponding parameter changes from level






























































































(a) Effect of Rotational Speeds on Raw Data
(b) Effect of Extrusion Pressure on Raw Data
(c) Effect of Abrasive Grits Size on Raw Data
Fig. 6 Axisymmetric view of
rolling and ploughing action of
abrasive grain
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of active abrasive grits taking parts in abrasion with the
result that more abrasive particles progressively abrade all
the high metal peaks on the work surface, producing a fine
finish in fewer cycles.
Figure 5a depicts the variation of ΔRa with respect to the
rotational speed of CFG rod for a given numbers of cycles.
These results imply that fewer cycles are required to reach
the given value of surface roughness in CFAAFM process
as compared to the conventional AFM process. It can be
observed from Fig. 5b that the increase in extrusion
pressure improves the work surface finish. Within the range
of extrusion or axial pressure applied, the higher the
pressure, the greater is the improvement in surface finish,
which tends to stabilise beyond a certain level. Higher axial
pressure enables the abrasive particles to roll on the surface
with more force, resulting in faster removal of metal peaks
on the work surface and hence rapid achievement of the
required surface finish. The centrifugal force acts on the
abrasive particles in normal direction, whilst the extrusion
pressure provides the axial pressure on the abrasive
particles. As such, rolling of the abrasive grains is primarily
due to the extrusion pressure, whilst the indenting action is
primarily due to centrifugal force. However, an abrasive
grain embedded in the workpiece due to higher resultant
pressure (due to combined action of axial and centrifugal
force) may be ‘thrown’ out by the subsequent abrasive
grains. As the embedded abrasive grain is dislodged, it
chips away a portion of the workpiece, leading to
ploughing action (Fig. 6). The total number of active grains
shall increase many folds as the abrasive particles are
thrown from the CFG rod to the inner surface of the
workpiece. This leads to replenishment of abrasive grains at
the workpiece–abrasive media interface. The number of
abrasive grains taking part in machining can be calculated
by the procedure given in [28]. A major disadvantage of
increasing the extrusion pressure as compared to the
centrifugal force is that in this, only very few abrasive
particles (which are near to work surface) participate in
abrading whilst the remaining particles pass through the
workpiece without performing any cutting action. Further,
the same abrasive particles would abrade the whole length
of workpiece, with the possible result that cutting edges of
those abrasive particles get worn out which further reduce
the cutting action [29–31]. From Fig. 5c, it can be noted that
the use of finer grain size of the abrasive particles results in
greater improvement of surface roughness. The reason for
this seems obvious as with the constant mass ratio of abra-
sive-to-media used; the more number of finer grains would
make finer but more number of cuts on the high spots of the
work surface, consequently generating a smoother surface.
Figure 5a–c indicates that all the parameters, rotational
speed of CFG rod (A), extrusion pressure (B), and grit size
(C) affect the S/N ratio of both the mean and variation in
the ΔRa. It can be seen that the third level of each of the
parameters, i.e. (A3), (B3) and (C3), may provide maximum
value of the percentage improvement in surface roughness.
As in the case of all the parameters A, B and C, the highest
values of mean response correspond to the highest values of
S/N ratio.
In order to study the significance of the parameters,








Fig. 7 a Two-dimensional contour plot. b Three-dimensional contour
plot: (i) Before machining, (ii) At 0 rpm (iii) At 35 rpm and (iv) At
70 rpm of CFG rod. Polymer to gel ratio, 4:3; abrasive concentration,
1:3; abrasive, Al2O3; extrusion pressure, 27 bar; number of cycles, 3
Table 5 Pooled ANOVA (raw data)
Source SS df V F ratio SS’ P %
Rotation speed (rpm) 215.64 2 107.82 913.71a 215.40 96.59
Extrusion pressure 2.49 2 1.25 10.57a 2.26 1.01
Grit size 2.52 2 1.26 10.68a 2.28 1.02
E (pooled error) 2.36 20 0.12 3.07 1.38
Total (T) 223.01 26 – – 223.01 100
SS sum of squares, df degree of freedom, V variance, SS’ pure sum of
squares
a Significant at 95% confidence level
Table 6 Pooled ANOVA (S/N data)
Source SS df V F ratio SS’ P %
Rotation speed (rpm) 292.22 2 146.11 1461.52a 292.02 95.17
Extrusion pressure 7.37 2 3.69 36.88a 7.17 2.34
Grit size 7.06 2 3.53 35.32a 6.86 2.24
E (pooled error) 0.20 2 0.10 0.80 0.26
Total (T) 306.85 8 306.85 100
SS sum of squares, df degree of freedom, V variance, SS’ pure sum of
squares
a Significant at 95% confidence level
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i.e. percentage improvement in surface roughness values
(ΔRa), is given in Table 5. The ANOVA was also
performed for S/N data and the pooled version is given in
Table 6. From these tables, it can be observed that the
parameters A, B and C significantly affect the percentage
improvement in the surface roughness as well as the S/N
ratio. From these tables, it can also be noted that the
percentage contribution is highest for A, 96.59% for raw
data and 95.17% for S/N ratio.
The contour plots of surface roughness using optical
surface profilers of workpiece processed at different
rotational speed of CFG rod are presented as i–iv of
Fig. 7. A visual inspection shows that there is not much
difference between the surface roughness shown by two-
dimensional and three-dimensional contour plots. Thus, it
can be inferred from these plots that the effect of process
parameters on surface roughness is the same in both two-
and three-dimension directions.
6 Conclusions
A centrifugal force has been applied with the help of rotation
given to a CFG rod inside the hollow cylindrical workpiece
being processed by CFAAFM, and increase in percentage
improvement in surface roughness has been achieved. The
following conclusions can be drawn from the study:
& It is possible to enhance the productivity of AFM by
improved fixturing, i.e. with the introduction of CFG
rod and providing rotation to it.
& Further enhancement in surface roughness can be expected
with higher resultant pressure. However, the magnitudes
of axial force and centrifugal force need to be optimised.
& Experiments using orthogonal array technique on brass
test pieces conform that after a specific number of
cycles, better surface finish is produced in CFAAFM as
compared to conventional AFM.
& Analysis of results conform that the order of significant
factors in decreasing trend are rotational speed of CFG
rod, extrusion pressure and grit size.
& The results of analysis of SEM micrographs are in line
with the experimental findings.
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